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ABSTRACT 


This  report  describes  the  design  and  operation  of  a  K-band 
absorption  modulator  for  high-speed  switching  or  amplitude  modula¬ 
tion  of  microwave  power.  This  reciprocal  ferrite  modulator,  designed 
in  standard  rectangular  waveguide  and  making  use  of  a  longitudinal 
magnetic  control  field,  has  electrical  characteristics  particularly 
desirable  in  a  microwave  switch.  These  include  a  zero-field  insertion 
loss  of  less  than  1  db,  a  switching  action  (isolation)  of  greater  than 
75  db— which  is  nearly  independent  of  the  magnetic  control  field  in 
this  state,  and  a  matched  input  impedance  for  all  values  of  applied 
field.  These  electrical  characteristics  are  nearly  constant  over  a 
20-percent  bandwidth.  It  is  also  possible  to  design  this  amplitude 
modulator  for  small  phase  shifts  at  the  desired  operating  frequency. 

Other  characteristics  of  the  modulator  include  small  size  (3  in. 
max,  length),  magnetic  control  fields  of  less  than  50  oersteds,  operating 
temperature  exceeding  100°C,  and  a  switching-time  capability  of  less 
than  0 . 1-psec . 

1.  INTRODUCTION 


It  has  been  shown  (ref  1)  that  the  relationship  between  the  induced 
rf  flux  density  b  and  the  internal  rf  magnetic  field  h  in  a  magnetized 
but  unsaturated  infinite  ferrite  medium  at  microwave  frequencies  is 
given  by  a  permeability  tensor  of  the  form 


\l  -JK  0 

JK  \k  O 

0  0  p 

z 


where  p,  K  and  p^  are  the  components  in  the  three  mutually  perpendi¬ 
cular  directions,  and  the  static  magnetic  field  is  taken  along  the 
Z-direction.  Thus, 

b  =  ph  -jKh 
x  x  y 

b  =  jKti  +ph 

y  x  y 

b  -  p  h 
z  'z  z 

seen  from  the  first  two  expressions,  an  rf  magnetic  field  h^ 
in  the  X-direction  induces  a  component  of  the  rf  flux  density 
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b  which  is  proportional  i  ,  .;.  t  ■  >  iho  electron  spina  precessing 

about  the  direction  of  the  d  •  n  ^  i  i«*  field,  also  induces  a  component 
by  in  the  Y-.ttrecliun  propurh  --u  I  t<  K  For  a  linearly  polarized  wave 
pro  pap,  a  trig  in  the  Z-direotioii .  this  iat  ter  component  of  the  permeability 
tensor  accounts  for  the  transior  of  the  incident  microwave  field  to  a 
tij  htly  coupled  perpendicular  wav*-  in  a  magnetized  ferrite  medium. 

If  a  very  thin  film  of  absorptive  material  is  used  to  attenuate 
this  perpendicular  field,  wit.  hot  it  a p.-i  oc  1  able  loss  to  the  vertically 
polarized  microwave  field  whi«-h  i-u:.  t .»  wnen  the  ferrite  medium  is  un- 
magnetized,  it  is  possible  to  obtain  a  i.-mudband  absorption  moduiator 
(ref  2)  with  electrical  chara  t cr  1  m  i  <  ..  especially  desirable  in  a  high¬ 
speed  microwave  switch.  Thin  is  tin  \  t.nupic  used  to  design,  in 
standard  rectangular  wavcgni  •  ,  m.  K  i*.:n  i  absorption  inodulator-swit ch , 

2.  DESIGN  PROCEDURE 


Beginning  with  the  design  data  .u.iiault  (ref  3)  at  X-band,  and 
choosing  a  standard  rectangular  waivr.nidc  (0.170  x  0.420  in.)  for  21 
to  25  Gc,  it  was  first  necessary  select  a  suitable  ferrite  material, 
A  small  dielectric  and  magnetic  i*»s.,  tangent  at  the  operating  frequency 
range  was  required  in  order  t<<  obtain  a  microwave  switch  with  a  low 
insertion  loss  in  the  ON  state  Also,  siiue  the  amount  of  attenuation 
obtained  is  known  tc  be  prop<  i  t  i*  nu  l  t<>  the  magnitude  of  the  satura¬ 
tion  magnetization  (4tt||  ),  a  NiZn  fertile  (ref  1)  having  a  linewldth 
of  40  oersteds  and  a  4ttM  of  5000  gauss  was  selected  (ref  5).  This 
material  has  made  poasibfe  an  uhsotptton  moJulator-swi tch  with  a  figure 
of  merit  r(ref  R)  of  100. 

The  next  problem  was  to  deiorun.u  tu<  minimum  height  and  width 
required  to  obtain  sufficient  oumiiui  imi  of  the  microwave  energy  in 
the  ferrite  (a  necessary  c<  ndi  I  b  'l  t«  r  obtaining  large  amplitude  modu¬ 
lation),  and  the  maximum  cross -so*  t loan i  dimensions  to  avoid  generation 
of  spurious  modes  in  the  ferrite  -loaded  waveguide.  The  cross-sectional 
dimensions  of  the  ferrite  rod,  ciitically  dependent  on  the  narrow 
dlmeniiion  (0,170  in,)  of  the  rectangular  waveguide,  also  determine  the 
bandwidth  for  which  the  electrical  characteristics  remain  nearly  con¬ 
stant,  With  the  particular  Ni-Zn  U  nit*  chosen,  It  was  found  that  a 
height  of  0.100  in.  and  a  width  of  0  lie  in.  was  optimum  over  the 
21  to  25-Gc  frequency  range . 

Impedance  matc  hing  was  sen  mp I  i  die  i  oy  making  use  of  linear 
fcaiiers  at  both  ends  of  the  rectuni'.ul.u  i.  rrite  rod  and  dielectric 
polyfoam  or  teflon  support.  An  input  V'-jWR  of  less  than  1.20  for  the 
absorption  modulator-switch  for  all  '’allies  of  applied  magnetic  field 
was  considered  satisfactory. 
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3.  ABSORPTION  MODULATOR- SW ITCH 


Cross-sectional  views  of  the  absorption  modulator  (or  microwave 
switch)  for  21  to  25  Gc  are  shown  in  figure  1,  It  consists  of  a  low- 
loss  Ni-Zn  ferrite  rod  (split  along  its  length)  centrally  located 
inside  a  standard  rectangular  waveguide  excited  in  its  fundamental 
TE01  mode ,  Both  the  ferrite  rod  and  the  polyfoam  dielectric  support 

make  use  of  linear  tapers  at  both  ends  for  impedance  matching.  A 
thin  resistive  film,  placed  between  the  sections  of  the  split  rod, 
and  in  a  plane  perpendicular  to  the  input  rf  electric  field,  is  used 
to  attenuate  the  perpendicular  component  of  this  field  generated  in 
the  magnetized  ferrite  rod. 

The  low-current  solenoid,  wound  around  the  1/4  by  1/2  in.  rec¬ 
tangular  waveguide  section,  is  used  to  supply  the  longitudinal  mag¬ 
netic  control  field.  It  consists  of  11,500  turns  of  No.  38  wire  and 
its  total  length  is  2  1/2  in.  The  normal  operating  currents  of  this 
solenoid  are  from  0  to  50  mu,  corresponding  to  a  magnetic  field 
strength  from  0  to  115  oersteds.  A  control  power  of  approximately 
Iw  is  required  to  obtain  u  field  strength  of  30  oersteds.  An  epoxy 
resin  is  then  used  to  pot  the  modulator  winding. 

4.  ELECTRICAL  CHARACTERISTICS  OF  MODULATOR -SWITCH 


The  attenuation  (or  isolation)  characteristics  from  21  to  25  Gc 
of  the  rectangular-waveguide  absorption  modulator  versus  the  applied 
magnetic  field  are  shown  in  figure  2.  These  results  were  obtained 
with  a  3-in.  long  rectangular  ferrite  rod,  including  9/16-in.  tapers 
at  both  ends,  having  a  height  of  0.090  in.  and  a  width  of  0.100  in. 

A  metalized-mica  attenuator  element  (0.0005  in.  thick)  having  a  re¬ 
sistivity  of  60  ohms  per  square  was  used  between  the  split  sections 
of  the  ferrite  rod.  The  width  and  length  of  the  attenuator  element 
were  approximately  the  same  as  those  of  the  ferrite  rod. 

As  seen  in  figure  2,  when  the  modulator  is  operating  in  the  OFr- 
st ate,  an  isolation  of  greater  than  75  db  is  obtained  over  the  frequency 
range  from  23  to  25  Gc .  This  l.^olttion  is  seen  to  be  nearly  independent 
of  the  magnitude  of  the  magnetic  control  Held  in  this  state,  a  character¬ 
istic  especially  desirable  in  i  high-speed  microwave  switch.  Below  this 
frequency  range,  due  to  the  decrease  of  energy  concentration  in  the  fer¬ 
rite  rod,  the  isolation  char tcteristics  slowly  deteriorate.  Thus,  it  is 
expected  that  tht  opt  i ciM'*1  ( requi  n<  v  range  for  the  above  ferrite  rod 
dimensions  would  b*  i«i  ...  \’  i<  v,  Gi  :hese  electrical  characteristics 
are  reciprocal — that  is,  they  do  not  depend  upon  the  direction  of  pro¬ 
pagation  or  magnetic  control  field.  The  zero-tie  Id  insertion  loss  for 
this  modulator-switch  varied  from  0.6  to  0.8  db  and  the  input  VSWR 
remained  less  than  1.2  lor  all  values  of  the  applied  field  over  the  above 
frequency  range. 

Improved  isolation  characu  ri;-t  ic»  of  the  absorption  modulator- 
switch  over  the  21-  to  25-Gc.  frequency  range  was  obtained  by  increas¬ 
ing  the  cross-sectional  area  of  the  ferrite  rod.  Some  of  these 
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Figure  1.  Ci  »•*;&  *sei  l  lonal  views  of  ferrite  absorption  modulator* £v it ch 
The  rect angi* 1  nr  ferrite  rod  is  centrally  located  inside  a 
standard  K~band  waveguide. 


Isolation-bandwidth  characteristics  of  absorption  modulator 
using  Ni'Zn  ferrite  rod  3  in,  long;  0.090  in.  high,  0.100  in 
wide  with  9/16-in.  impedance  matching  tapers  of  both  ends. 


results,  obtained  for  a  rectangular  ferrite  rod  having  a  height  of 
0.100  in.  and  a  width  of  0.110  in.,  are  shown  in  figure  3.  As  seen 
in  this  figure,  the  isolation  characteristics  did  not  vary  greatly 
over  the  21-  to  23-Gc  bandwidth,  reaching  a  maximum  value  in  excess 
of  75  db.  Similar  results,  not  shown,  were  obtained  at  24  and  25  Gc. 

The  input  VSWR  of  this  modulator  ut  23  Gc  (typical  of  that  obtained 
at  other  frequencies  over  the  operating  bandwidth)  is  shown  at  the 
bottom  of  figure  3  and  the  solenoid  current  required  to  obtain  the 
necessary  magnelic  field  strength  is  shown  at  the  top. 

The  zero-field  insertion  loss  of  the  absorption  modulator- 
switch  depends  largely  upon  the  flatness  of  the  ferrite  surfaces 
in  contact  with  the  attenuator  element.  It  is  important  that  the 
air  gap  between  these  two  parallel  surfaces  be  as  small  as  possible 
to  minimize  the  distortion  of  the  rf  electric  field  across  the  at¬ 
tenuator  element.  A  new  resistive  material  (metalized  film  on  mylar) 
is  now  available  with  a  thickness  of  0.0002  in.  It  is  presently  being 
used  in  the  modulutor-swi tch  to  obtain  lower  insertion  loss  without 
deterioration  of  the  isolation  character 1st ics . 

Isolation  characteristics  of  (he  absorption  modulator  at  24  Gc 
versus  applied  magnetic  field  the  resistivity  (It)  of  the  attenuator 

clement  was  increased  from  20  whias  to  100  ohms/square  are  shown  in  figure  4. 
This  modulator  *..ade  use  of  a  ferrite  rod  and  attenuator  element  having 
the  same  dimensions  (given  at  Ute  bottom  of  the  figure)  as  those  used 
to  obtain  the  aata  shown  m  figure  2. 

As  seen  in  figure  4,  the  maximum  ? solution  that  can  be  obtained 
increases  rapidly  until  the  resistivity  reaches  approximately  £0  ohms 
per  square,  and  decreases  again  as  the  resistivity  is  increased  above 
this  value.  Thus,  it  is  important  to  select  the  correct  value  of  re¬ 
sistivity  if  good  isolation  characteristics  are  to  be  obtained.  The 
value  of  resistivity  chosen  for  a  particular  operating  frequency  also 
determines  the  pi..*.>o-shi f t  characteristics  (ref  3)  of  this  ferrite  modu¬ 
lator.  Time  did  not  permit  further  evaluation  of  this  important  characteristic . 

A  photograph  of  the  broadband  ubsorpt ion  modulator  used  for  the 
above  measurements  is  shown  in  figure  5.  The  tapered  ferrite  rod, 
polyfoam  dielectric  support,  and  metal ized-mica  attenuator  element 
are  shown  in  the  foregound.  Standard  UG-159/U  flanges  were  used  at 
both  ends  of  the  absorption  modulator.  The  length  of  the  modulator 
and  ferrite  rod  was  3  in.  and  the  low-current  solenoid  consisted  of 
11,500  turns  of  #33  wire.  Its  total  weight  was  5  oz. 

5.  HIGH-SPEED  ABSORPTION  MODuLATOR- SWITCH 

It  has  been  shown  by  LeCraw  (ref  7)  that  the  response  time  of 
the  ferrite  can  be  as  low  as  12  nsec.  Therefore,  In  the  design  of 
ferrite  switches  with  switching  times  of  about  0.1  psec  the  ferrite 
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AP?I  !!TD  t/AGNETIC  FIELD  (cor.) 

Figure*  3„  Isoiaiioir-L  n  .It.  id  lb  chi  .ra-lcrj  si  ics  of  modulator  using  ferrite 
rod  (3  in,  Joi\.)  v.uh  h-.  5ghi  of  0 .lot)  in.  rnd  width  of  0.310 
in.  A  d-c  pover  of  approximately  lv  was  required  to  obtain 
a  field  of  30  oersteds. 


Figure  5.  Photograph  of  K-band  absorption  modulator -switch. 
(Total  length  of  modulator  is  3  in.) 


is  apparently  not  the  limiting  iuctor.  The  problem  is  to  design  a 
waveguide  structure,  driving  solenoid,  and  solenoid  power  supply  such 
that  a  pulsed  magnetic  field  with  sufficiently  small  rise  time  is 
impressed  upon  the  ferrite. 

To  minimize  the  modulating  power  losses,  due  primarily  to  the 
eddy  current  losses  in  the  waveguide  walls,  several  techniques  were 
used  to  interrupt  the  circumferentially  circulating  eddy  currents. 

The  most  important  of  these  was  to  cut  away  a  large  portion  or  all 
of  the  waveguide  wall  in  the  region  of  the  ferrite.  This  is  possible 
because  of  the  large  dielectric  constant  and  cross  section  of  the 
ferrite  rod,  which  caut js  essentially  all  of  the  microwave  energy  to 
be  concentrated  in  the  region  of  the  ferrite.  Another  technique  used 
to  minimize  eddy  currer t  losses  was  to  reduce  the  thickness  of  the 
waveguide  wall  to  several  skin  current  depths. 

A  photograph  of  several  absorption  modulator-switches  making 
use  of  the  design  techniques  described  above  is  shown  in  figure  6. 

These  high-speed  plastic  models  made  use  of  a  0.0005-in.  silver  plat¬ 
ing  (gold  flashed)  on  the  inside  of  the  waveguide  and  on  the  face  of 
the  flanges.  They  were  all  3  in.  long  and  made  use  of  standard 
K-band  waveguide  (0.170  x  0.420  in.). 

The  plastic  waveguide  model  at  the  right  has  30  turns  of  *14 
wire  wound  around  the  1/4  by  1/2-in.  waveguide  section.  The  tapered 
ferrite  rod  (0.100  x  0.110  in.)  and  poiyfoam  dielectric  support,  which 
were  used  in  this  high-speed  modulator,  are  shown  in  the  foreground 
at  the  right.  A  switching  time  of  approximately  1  psec  with  non- 
critical  magnetic  control  fields  was  possible  with  this  full-size 
waveguide  ferrite  modulator. 

The  plastic  waveguide  model  shown  at  the  left  has  a  portion 
(1  3/4  in.)  of  the  waveguide  wall  removed  in  the  region  of  the  ferrite 
rod  to  further  minimize  the  eddy  current  losses  and  reduce  the  size 
of  the  modulating  coil  cross  section  (1/4  x  1/4  in.).  This  reduction 
in  the  coil  cross  section  greatly  Increases  the  strength  of  the 
magnetic  control  field  in  the  ferrite  medium,  thus  increasing  the  ef¬ 
ficiency  of  the  modulating  circuit.  The  solenoid  wound  in  the  region 
of  reduced  cross  section  consisted  of  23  turns  of  #14  wire  and  was  potted 
for  Increased  mechanical  strength.  The  tapered  ferrite  rod  and  teflon 
dielectric  support  which  were  used  in  this  modulator  is  also  shown  at 
the  left  foreground.  The  reduced  cross  section  of  the  teflon  in  the 
center  region  is  clearly  shown.  A  switching  time  of  approximately 
0.5  psec  was  obtained  with  this  microwave  switch  with  the  reduced 
waveguide  cross  section. 

A  relatively  easy  way  to  obtain  a  high-speed  microwave  switch  with 
a  standard  metallc  waveguide  section  is  shown  In  figure  7.  Here, 
either  a  portion  of  the  metallc  waveguide  wall  is  removed  (seen  in 
background)  or  all  of  its  center  region  is  removed  (in  the  foreground) 
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Figure  7.  Technique  used  to  obtain  high-speed  microwave  switch  in  standard  K-band 
metallic  waveguide. 


to  reduce  the  eddy  current  losses  and  cross  section  of  the  modulating 
coll.  This  latter  technique,  making  use  of  15  1/2  turns  of  ribbon 
wire  wound  around  the  cutaway  portion  of  the  teflon  dielectric  sup¬ 
port  (0,2-x  0.2-in.  cross  section),  resulted  in  a  switching  time  of 
approximately  0.1  ^sec.  This  is  the  same  technique  used  by  Jones 
(ref  8)  at  X-band  and  later  by  Bendix  (ref  9)  to  obtain  a  switching 
time  of  40  nsec. 

The  detected  microwave  pulses  at  the  output  of  two  high-speed 
switches  described  above  are  shown  in  the  oscillogram  of  figure  8. 

The  oscillogram  at  the  top  (0.5  [isec/cm  time  base)  was  obtained  at  24 
Gc  with  the  plastic  waveguide  model  shown  at  the  left  In  figure  6.  A 
0.001-^fd  capacitor  was  shunted  across  its  23-turn  solenoid  to  reduce 
the  rise  and  fall  time  of  the  output  pulse.  The  zero-field  insertion 
loss  for  this  microwave  switch  was  about  1  db  and  a  switching  action 
of  greater  than  20  db  was  not  difficult  to  obtain  with  a  typical 
laboratory  pulse  generator. 

The  oscillogram  at  the  bottom  shows  the  microwave  output  pulse 
at  24  Gc  obtained  from  the  modulator- switch  shown  in  the  foreground 
of  figure  7.  The  time  base  for  this  oscillogram  was  0.1  ixsec/cm.  A 
470-pf  capacitor  was  used  in  shunt  with  the  15  1/2-turn  modulating 
solenoid  to  obtain  the  0.1-^sec  rise  and  fall  time  of  the  pulse  shown 
here.  The  ferrite  rod  used  in  this  high-speed  switch  had  a  cross 
section  of  0.100  by  0.110  in.  and  a  total  length  of  3  in.,  including 
the  5/8-in.  impedance-matching  tapers  at  both  ends. 

6.  CONCLUSION 


A  high  isolation  absorption  modulator-switch  for  1.2-cm  wave¬ 
length  has  been  designed  that  is  capable  of  less  than  0.1-psec  switch¬ 
ing  time.  These  small  reciprocal  modulator-switches  have  important 
applications  in  microwave  systems  which  include  magnetically  tuned 
variable  attenuators,  radar  duplexing,  rf  pulse-forming  networks,  re¬ 
ceiver-blanking  circuits  and  phased-array  antenna  systems. 
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Figure  8  Oscillogram  showing  detected  output  pulse  of  two 
high-speed  microwave  switches.  (Time  bases  are 
[a]  0.  5  /use.  /cm  and  [b]  0.  1  psec/cm. ) 
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